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A high-altitude, long-endurance unmanned aerial airframe was designed for the

innovative Dual-Aircraft Atmospheric Platform flight concept that exploits stratospheric
wind velocity gradients to remain aloft indefinitely. Classical aircraft preliminary design
techniques and high-fidelity tools were used to establish a baseline configuration.
Performance characteristics of numerous airfoil profiles were evaluated with twodimensional flow software in an effort to determine the best-candidate airfoil for the
unique application. Vortex-Lattice method tools were used to investigate the sensitivity
of three-dimensional design parameters upon overall vehicle aerodynamic performance
and determine both static and dynamic stability characteristics of the airframe.
Performance capabilities of the finalized airframe are demonstrated in a flight envelope
diagram with applied gust loads per the Federal Aviation Regulations. The innovative
tandem-wing design exhibits exceptional performance characteristics required for the
flight concept.
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1.0

Introduction
High-altitude long-endurance (HALE) aircraft which loiter (stationkeep) in the

upper-atmosphere in particular, the stratosphere, for several years, referred to as
atmospheric satellites, are actively being investigated for research, commercial, and
military development. Such platforms provide enhanced imagery capabilities for NASA’s
Earth science missions, and increased telecommunications performance and availability,
at a fraction of the cost of orbital satellite constellations without suffering from
transmission performance issues such as latency and path loss.
Feasibility for a traditional aircraft to function as an atmospheric satellite
significantly depends on its ability to achieve high endurance or maximum flight
duration. Endurance is directly proportional to the aircraft’s aerodynamic efficiency and
varies with the propulsion system performance. Endurance periods for conventional fuelburning aircraft are limited by the propulsion system’s efficiency and onboard fuel
quantity. Alternative propulsion systems, such as solar-electric, are capable of staying
aloft indefinitely, but require large wing area for solar panels and backup energy storage
devices for nighttime flight.
The preliminary airframe design for the innovative Dual-Aircraft Atmospheric
Platform (DAAP) flight concept, presented herein, will allow unmanned aircraft systems
to be capable of remaining aloft indefinitely by exploiting the stratospheric wind-velocity
gradient phenomena.
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1.1

Background
Government agencies and commercial corporations are interested in HALE

aircraft technologies to function as atmospheric satellites capable of remaining on station
for years for scientific, surveillance, and telecommunications applications.
In 1997, Angel Technologies Corporation and its partners proposed a novel
broadband communications infrastructure concept that utilized multiple high-altitude
long-operation (HALO, which is equivalent to HALE) aircraft. The aircraft acts like a 10mile transmission tower with a coverage area of 100 km diameter, providing subscribers
with multi-gigabit per second data transfer rates [1]. Only two wireless links are required
for terminal-to-terminal communications, via the HALO aircraft, which functions as the
network hub.

Figure 1.1

HALO Project Architecture
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The Proteus was used as the HALO aircraft. Developed by Scaled Composites,
the HALE tandem-wing aircraft features two turbofan engines that allow the aircraft to
remain aloft for 14 hours total. The need for on-board fuel introduced an endurance
limitation for the HALO Network, unlike a satellite which remains in orbit indefinitely.
Since the early 1980’s, NASA has funded the development of atmospheric
satellite technologies beginning with the Environmental Research Aircraft and Sensor
Technology (ERAST) program, this was a multiyear effort to develop cost-effective,
slow-flying unmanned aerial vehicles (UAVs) that could perform long-duration science
missions at altitudes above 60,000 feet. In 2002, NASA’s Pathfinder-Plus carried
commercial communications relay equipment and performed the world’s first
telecommunication demonstrations from 65,000 feet (20km), including high-definition
television broadcasts, third-generation (3G) mobile voice and video communications, and
high-speed Internet connections [2]. Test results confirmed that a single atmospheric
satellite could provide over 1,000 times the bandwidth density as geostationary satellites
(MHz/mi2) [3].
In 2010, the Defense Advanced Research Projects Agency (DARPA) awarded
Boeing $89 million for the development and demonstration of the SolarEagle, a 400-foot
wingspan solar-electric aircraft that will accommodate an airborne payload of 1000-kg,
supply 5-kW of onboard power for telecommunications equipment, and remain on station
at 60,000-90,000 feet for 99% of the time for a five year period.
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(a)
Figure 1.2

(b)

Solar-Electric Aircraft
(a) AeroVironment’s Pathfinder-Plus (b) Boeing’s SolarEagle

Both the NASA and DARPA funded aircraft each rely on solar energy for their
electric-propulsion systems; consequently, the aircraft must accumulate and store a
substantial amount of energy during the day in order to operate at night. The large area
required for solar panel placement and the mass of the battery backup systems pose a
significant limit on the aircraft’s structural integrity and system reliability. This is further
compounded by the large variability of available solar energy during the seasonal year
and the inability to orient the aircraft’s panel-mounted wings towards the sun to improve
solar energy absorption.
1.2

Dual-Aircraft Atmospheric Platform
The patented Dual-Aircraft Atmospheric Platform (DAAP) flight concept is

fundamentally different from the aforementioned approach to atmospheric satellite
development. DAAP consists of two aerodynamically efficient UAVs, connected via a
long tether (i.e., 6,500 ft), that effectively sails within the stratosphere using persistent
atmospheric wind velocity gradients, also known as wind shear [4]. Each aircraft is
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positioned at a different altitude, presented with a different wind speed and direction,
allowing the aircraft system to travel back-and-forth at constant speed and altitude within
a prescribed diameter (i.e. cruise and tack). The DAAP flight concept is analogous to the
surface water sport of kitesurfing; whereby, the kitesurfer uses velocity gradient between
the water and wind to travel back-and-forth across the ocean surface, in a controlled
manner, without an external propulsion device.
The upper UAV is referred to herein as the sail since its typical role is to
support the weight of both UAVs and provide forward aerodynamic-based thrust. The
lower UAV is referred to herein as the board since its typical role is to provide an upwind
force. Based on available atmospheric wind profile data, the platform will adjust the
altitude and attitude of each aircraft, as necessary, to remain aloft. The patent DAAP
algorithm maximizes the true air speed (i.e., typically 76+ knots) during both forward and
backward segments of unpowered cruise, which minimizes the adverse effect of wind
gusts [4]. The maneuver for tacking, or turning around, is yet to be defined.
Each UAV carries a small wind turbine-generator such that the flow-induced
rotational motion that generates electrical power for onboard electronics and recharges
the battery. The battery provides power to a designated electrically-driven propeller used
to occasionally provide propulsion to change altitude and/or speed, so to find a suitable
atmospheric wind gradient profile, and for the periodic tacking (i.e., maneuvers.
The navigational algorithm used to define cruise operating conditions for the
platform is described in more detail in the patent application [4]. The main metric of
success used to guide design efforts is the term operability. Operability is defined as the
percentage of the time over a year that a configuration is predicted to have sufficient
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available wind shear to effectively stationkeep. The operability is dependent on wind
velocity profiles in conjunction with aircraft capabilities, such as aerodynamic
performance.

Figure 1.3

Available wind shear vs. L/D [4]

Operability is a dependent of aircraft parameters such as its lift-to-drag ratio and
geometric scale; as they dictate the amount of required wind shear. Figure 1.3 shows the
sensitivity of the system due to the available wind shear. As the available wind shear
decreases, both aircraft, the platform, must operate with higher lift-to-drag ratios. These
aircraft can be designed for very-high aerodynamic efficiency but it comes at a cost to its
structural integrity and airworthiness.
The DAAP flight method has been previously verified by Dr. William Engblom
[4] in order to determine appropriate cruise conditions and UAV orientations with a
theoretical airframe baseline configuration that resulted in an operability of 99%.

7
1.3

Problem Statement
The DAAP flight concept using a novel stratospheric sailing technique is

theoretically feasible for long-duration flight without the need for onboard fuel. Due to
the unique cruise operations and demanding flight conditions, a specialized airframe is
required in order to achieve an operability of 99%.
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2.0

Design Methodology
Aircraft design is as much as an art form as a science. In the aircraft design

process, there is not a single unique solution as many important aspects involving layout
and analysis of major aircraft disciplines including: aerodynamics, propulsion, controls,
mass, and structures affect design decisions and performance results.
Multiple design aspects were considered in the DAAP airframe design in order to
maximize aerodynamic efficiency while considering structural integrity. Aircraft
performance characteristics are affected by both two-dimensional (2-D) and threedimensional (3-D) parameters including but not limited to: Reynolds number, airfoil
performance characteristics, lifting-surface area, aspect ratio and taper ratio, to mention a
few. The design process began with an analysis for of several low Reynolds number
airfoils using a 2-D airfoil analysis program. After the airfoil was selected, a conceptual
approach was taken to analyze three candidate airframe configurations. Once the
appropriate airframe configuration was chosen, several key design parameters for the
wings, fuselage, and vertical stabilizer were then investigated with numerical simulation
software using the vortex-lattice code, SURFACES. Several key aircraft attributes were
verified with hand calculation using classical analytical methods. Finally, the designed
airframe was characterized with results from aerodynamic and stability analyses using
SURFACES.
2.1

Design Requirements
Feasibility of the DAAP as a viable alternative to solar-powered aircraft for the

role of atmospheric satellite required the design of a novel light-weight airframe capable
of high-lift at low Reynolds numbers. Structural analysis of the aircraft was not the
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objective of the present research; however, the aircraft was design with structural
integrity considerations.
Both aircraft will be twin-aircraft (i.e., with same design and aerodynamic
characteristics); therefore, only one airframe should be designed. The airframe design
presented herein will be for that of the upper aircraft as it is the primary aircraft. The
designed airframe shall be capable of achieving a maximum L/D greater than 40 for a
large range of angles of attack, as experienced by the upper-aircraft. The airframe shall be
designed for average DAAP flight operations at 60,000 feet including: an average trueairspeed of 76 knots (128 ft/s) and an average angle of attack of 7 degrees. Standard sea
level flight conditions must be considered for landing scenarios.
The tether fuselage-attachment location will be located on the bell of the aircraft.
The aircraft’s center of gravity should be positioned close to the tether attachment
location to mitigate adverse torque effects created by the tether force upon aircraft
stability and control. The design of the aircraft shall allow for a minimum tether
inclination of 20 degrees relative to the aircraft fuselage centerline. The airframe must be
designed with consideration to accommodate future components including such as a
turbine-generator, propeller-motor, batteries, and avionics hardware.
The airframe shall withstand prescribed gusts loads at SSL and 60,000 feet per
FAR Part 25.333. The airframe must have a dry weight of 620 lbf and 200 lbf for key
components (i.e., payload, batteries, etc…) resulting in a gross weight of 820 lb f. The
aircraft shall have an approximate weight-per-unit-area (i.e., wing loading) of 1.23 lbf/ft2.
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The airframe shall be characterized with static and dynamic stability derivatives
needed for future simulation software. The finalized airframe shall have a predicted
operability of 99% per year as defined by the DAAP algorithm.
2.1.1

Summary of Requirements



Cruise at altitude = 60,000 ft



Average cruise α = 7°



Average cruise V = 128 ft/s



W/S ~ 1.23 lbf/ft2



Maximum L/D > 40



Minimum tether inclination of 20°



Position aircraft center-of-gravity close to tether attachment location



Withstand gust loads at 60,000 ft per FAR 25.333



Accommodation for future key components



Characterize static and dynamic stability



Achieve operability of 99%

2.2

Numerical Simulation

2.2.1

Vortex Lattice Method
The Vortex Lattice Method (VLM) is a numerical process employing linear

computation fluid dynamics (CFD) to provide fast and reliable results as well as an
insight into lifting-surface aerodynamics. As shown in Figure 2.1, each surface is
subdivided into a finite number of elemental panels and modeled as an infinitely-thin
sheet of discrete vortices (i.e. horseshoe vortices) from which potential-flow equations
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and classical theorems (i.e., Prandtl lifting-line theory) are applied to compute
aerodynamic forces such as lift and induced drag.

Figure 2.1
2.2.2

Demonstration VLM and a horseshoe vortex [5]

VLM Limitations
The main assumptions used in a VLM analysis are that the flow field is steady,

irrotational, and inviscid. Solutions for near-stall conditions do not accurately represent
flow separation due to absence of viscosity required to resolve the boundary layer
condition in the energy equation.
2.2.3

SURFACES
The aircraft design software, SURFACES [6], was employed during the design

process to determine aerodynamic and stability characteristics. SURFACES is a threedimensional Vortex-Lattice solver using the potential-flow solution of Laplace’s equation
to determine the flow field around a system of lifting-surfaces in a time-efficient manner
while providing reasonably accurate results. SURFACES is a user-friendly all-in-one
program that contains the pre-processor, solver, and post-processor. Traditional VLM
codes neglect compressibility effects, but SURFACES takes them into account by
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incorporating

classical

theorems.

However,

due

to

the

low-Mach

numbers,

compressibility effects were neglected for the DAAP airframe design.

Figure 2.2

SURFACES Boeing 727 example model [6]

Large amounts of data including forces and moments can be extracted from the
flow solution, including static and dynamic stability derivatives. Complicated flow
characteristics (i.e., wingtip vortices and downwash) are accounted for and their effects
can be plotted in 3D using vectors and/or streamlines for easy viewing as shown in
Figure 2.2. Even though stall characteristics are indeterminate, SURFACES can predict
panels that may experience flow separation if the user specifies laminar-turbulent
transition points.
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2.2.3.1 Convergence Study
Accuracy of VLM solutions are affected by the number of panels defined for each
surface within the model. Since numerous VLM calculations are performed on individual
panels, increasing the number of panels within the model will increase solution accuracy
and computation time. Once the accuracy of the solution remains unchanged, within an
acceptable level of tolerance, the solution has converged and the number of panels are
independent of the solution.
A convergence study was conducted in SURFACES by varying the number of
panels to determine a solution convergence. SURFACES does not allow the user to input
individual panel dimensions; therefore, the concept of panels-per-area (No./ft2) was
introduced to investigate results from the convergence study that can be adapted to future
models with arbitrary surface areas.

Figure 2.3
L/D vs number of panels-per-area
Note. Results obtained from SURFACES used the surface integration method to calculate
drag. This method highly over-predicts drag and is used for parameter investigation only.
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Figure 2.3 shows that the L/D asymptotically approaches its maximum value as
the number of panels used on surfaces is increased. During the design process, a value of
2.7 panels-per-ft2 resulting in approximately 2,300 total panels were employed as it
produced results within 3% from the previous run of 1.9 panels-per-ft2, providing an
acceptable convergence value for the solution.
2.2.4

SURFACES Model
Care must be taken in the construction of the VLM model in order for it to

produce accurate results. The vortex lattice method defines a control point on each
individual panel during computation. These control points must be in alignment with
each other in both chordwise and spanwise directions. See Figure 2.1 demonstrating this
technique. In some instances, a single surface was divided into multiple smaller surfaces
to insure proper panel alignment.
Creation of the DAAP SURFACES model began by defining the geometry using
points, vectors, and surfaces. The points represent the outer dimensions where by vectors
are used to connect the points to define the shape of a surface. It is important that vectors
associated with a surface are pointed in the positive direction for each respective axis.
With SURFACES and other VLM codes, un-cambered surfaces represent a flatplate. A flat-plate accurately represents symmetric airfoils and bodies such as the
fuselage but it isn’t effective at generating lift. SURFACES has the ability to model
cambered airfoils for a more accurate representation of the intended aircraft design. To
model a cambered airfoil, a chordwise vector is converted into a parametric curve where
it is shaped by a polynomial equation representing the mean camber line of an airfoil. The
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polynomial equation is generated automatically in SURFACES once the user has selected
an airfoil from a pre-defined list or entered custom X-Y coordinates.
Control surfaces may also be incorporated into existing surfaces by specifying the
number of panels to be deflected in the chordwise direction. The control surface is
identified as an aileron, rudder, elevator, or high-lift device where it is associated with a
variable. Control surfaces for pitch, roll, and yaw must be defined in order to use the
automatic trimming option.
SURFACES was used extensively throughout the conceptual and preliminary
design process. Key design parameters were investigated in an effort to optimize aircraft
performance and characterize static and dynamic stability. Weight was distributed among
to surfaces to quickly estimate the aircraft’s center-of-gravity location. A single ballast
node of 200 lbf represented the weight of key components (i.e., batteries and avionics).
Adjusting the weight or position of the ballast node directly changed the location of the
center-of-gravity both horizontally and vertically.
SURFACES is a unique VLM in that is uses symbolic equations to calculate
several parameters. Some symbolic equations had to be modified for a high aspect ratio
tandem-wing configuration. By default, SURFACES calculated the tail moment-arm
parameter for both horizontal (

) and vertical (

) tails assuming the surface’s

aerodynamic center is located at their 25% mean-aerodynamic chord, as is usual for low
subsonic conventional designs. That is clearly not the case for a tandem-wing
configuration. The tail moment-arm equation had to be modified using the actual center
of gravity location using the built-in symbolic command.
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The span efficiency, (e), also had to be modified for high aspect ratio planforms.
The default equation was replaced with an empirical equation to represent high aspect
ratio planforms as defined by [7]:

√

(

(

) )

( 2.1)

SURFACES is only capable of modeling in two dimensions; therefore,
components such as the fuselage are represented in two separate planes (i.e., X-Z and XY) to more accurately determine drag. The X-Y, X-Z, and Y-Z planes provide a top-view,
side-view, and front-view of the aircraft, respectively.
Since an un-cambered surface simulates a flat-plate, if left unchanged, fuselage
X-Y surfaces would contribute to significant lift generation at positive angles of attack
and fuselage X-Z surfaces would contribute to sideforce generation at positive sideslip
angles. These effects were accounted for by changing the tuning factor. The tuning factor
is a multiplier that is applied to the lift component of each respective surface. In the case
for the fuselage, a tuning factor of 0.5 was used as it will produce some lift but not nearly
as much lift as a designated cambered wing.
2.3

Drag Analysis
An accurate determination of drag employing a mixed boundary layer analysis

considers the build-up of drag-producing components associated with both lift and nonlift related drag. Drag estimation is an art form in which can be easily over- and underestimated. Numerous factors affect drag including: the object (size and shape), fluid
motion (velocity and flow inclination) and flow conditions (mass, viscosity, and
compressibility).
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Figure 2.4

Components of drag [8]

The total drag of an aircraft is the sum of the parasitic drag and induced drag as
shown in Figure 2.4. Parasitic drag is the minimum drag an aircraft can achieve in the
absence of lift. Parasitic drag is comprised of profile drag (i.e., skin friction and pressure
drag), interference drag, and wave drag. Induced drag is the resultant of downwash
created by tip vortices that produces an additional downstream-facing component during
the production of lift.

( 2.2)

2.3.1

Pressure Drag
Pressure drag, sometimes referred to as form drag, is the result of viscous-induced

pressure variations around an object that acts parallel to the tangent of the flight path.
Pressure drag is a function of fluid inertia acting on the object and directly proportional to
the projected area (i.e., frontal area) of the object, and dynamic pressure. Pressure drag
increases as density increases due to the flow resistances becoming higher. Higher aspect
ratio wings have a large pressure drag component as a result of increased frontal area.
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The Form Factor (FF) is a measure of the pressure drag due to viscous separation
and is used as a multiplier during skin friction drag calculations. Equation 2.3 is the Form
Factor equation of the simplest method to calculate pressure drag effects for liftingsurfaces with airfoils that have a maximum thickness located at 30% chord. It neglects
effects due to compressibility and sweep; however, more complex equations have been
previously developed but are not used for the DAAP analysis.

( )

( 2.3)

( )

The pressure drag is represented by with the basic drag coefficient,

. A

realistic model for the basic drag coefficient includes non-linear effects of flow
inclination due to angle of attack ( ) and sideslip ( ). Changes in aircraft orientation into
oncoming flow move the laminar-turbulent flow transition point thus reshaping flow
separation regions [6]. The non-linear pressure drag equation below was created by the
developers of SURFACES [6].

(
Where

and

)

(

)

( 2.4)

are in degrees.

The first term in Equation 2.4 is a constant and independent of aircraft attitude. It
represents miscellaneous drag from components such as antennas and imperfection in
aircraft manufacturing. A value of 0.004 was selected to represent miscellaneous drag
and drag created by both wingtip booms, which were not modeled in SURFACES. The
coefficients used in the exponential quantities of Equation 2.4 are the same used in the
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SURFACE VLM documentation. They represent the difference in pressure drag between
experimental wind-tunnel data and SURFACE VLM predictions.
2.3.2

Interference Drag
Interference drag is the additional drag associated with the intersection of flow

that create eddy currents, turbulence, or restricts smooth airflow. Mutual flow
interference occurring at component intersections, such as the wing-fuselage intersection,
have significant interference drag since flow about the fuselage influences flow about the
wing and vice versa.
A tandem-wing configuration has an increased interference drag when compared
to that of an equivalent monoplane since there are two wing-fuselage intersections and
additional downwash contributions. An exact equation for interference drag is complex as
it involves effects of non-linear flow characteristics. Vortex-lattice is capable of
accounting for interference effects and the additional drag associated with it. The
Interference Factor (IF) is used to measure mutual flow interference effects between
components. Fillets between components can reduce interference drag or eliminate it
entirely. A well designed fillet can result in an IF of 1.0 while a poorly designed or no
fillet at all can result in an IF of 1.1-1.4.
2.3.3

Skin Friction Drag
Skin friction drag is the resultant of viscous shearing forces tangential to the

wetted surface of a body. Skin friction drag is also a function of surface roughness and
Reynolds number, as both affect boundary layer behavior.
For any given airfoil, a laminar boundary layer extends from the leading-edge to a
point on both the upper and lower surface at which the flow transitions from laminar to
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turbulent. The thicker, more energetic, turbulent boundary layer generates more drag than
a laminar boundary layer. As fluid velocity increases (Reynolds number increases), the
upper-surface transition point moves farther forward towards the leading edge while the
lower-surface transition point moves farther aft away from the leading edge.

Figure 2.5

Boundary layer behavior with laminar-turbulent effects. [9]

A mixed boundary layer analysis takes into account laminar-turbulent transitional
effects to provide a more realistic representation of drag. A mixed boundary layer was
used to determine the skin friction coefficient ( ) for all lift-generating surfaces and both
vertical fins. Results from the drag analysis can be found in Section 4.1. The skin friction
equation is two-dimensional that take into account the upper and lower surface transition
point. Since the equation is two-dimensional, the total skin friction coefficient for each
surface was calculated using the average skin friction coefficient of the root chord and
tip.

(

With:

(

(

)

))

(

)

( 2.5)

( 2.6)
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The total skin friction coefficient for multiple surfaces (i.e., compound wing) is
not simply the sum nor the average of each individual skin friction coefficient; but rather,
is calculated by taking the summation of each individual skin friction coefficient
multiplied by its respective wetted surface area form factor, and interference factor, all
divided by the total wetted surface area of each section [7]. The effects of pressure drag
and interference drag are included for a more accurate representation of skin friction
coefficient as defined in:

∑

2.3.4

( 2.7)

Wave Drag
Wave drag is the additional drag associated with compressibility effects due to the

formation of shock waves at airspeeds higher than the critical Mach number. The DAAP
aircraft operates at low Mach (i.e., <0.3) where compressibility effects can be ignored;
thus, wave drag was neglected during the drag analysis.
2.3.5

Induced Drag
Lift-induced drag (i.e., vortex drag) is additional drag associated with lift

generation. For a finite wing, a difference in pressure exists between the upper and lower
surfaces of a body during the creation of lift due to circulation. The flow near the
wingtips spills from the high pressure region of the lower-surface into the low pressure
region of the upper-surface, creating swirling flow in the form of a vortex. The wingtip
vortices induce a downstream flow that decreases the local angle of attack of the wing.
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As a result, the lift vector is angled backwards and a downstream-facing component is
produced.
The adjusted lift-induced drag equation is a factor of the effective aspect ratio,
lift-coefficient and lift-coefficient at minimum drag. Accurate induced drag modeling is
essential as induced drag often contributes to more than half of the entire drag of an
aircraft [8].
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3.0

Design Results

3.1

Airfoil Selection
Proper airfoil selection provides a foundation of a successful aircraft design, as an

improperly chosen airfoil can restrict aircraft capacities. Software tools such as 2-D
airfoil analysis programs use classical potential-flow theory together with boundary-layer
theory to determine flow characteristics about an airfoil. These programs can analyze
airfoil performance quickly but results can vary from program-to-program depending on
airfoil geometry and flow conditions.
3.1.1

Airfoil Program Validation
Results from wind-tunnel experiments of low Reynolds number airfoils,

performed by Dr. Michael Selig and his colleagues at the University of Illinois at UrbanaChampaign (UIUC) [10], were compared to resultant data of several two-dimensional
airfoil analysis programs (i.e., JavaFoil [11], AeroFoil [12], DesignFOIL [13],
XFOIL[14]) in an effort to validate the accuracy of those programs. From Selig’s lowspeed results, five airfoils were chosen to be analyzed in the 2-D airfoil programs at
Reynolds numbers respective to the provided wind-tunnel data [10].



NACA 4415 at Re = 1,000,000



S825 at Re = 1,000,000



FX 63-137 Re = 300,000



SD2030 at Re = 500,000



K3311 at Re = 300,000



S1210 at Re = 300,000
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Each 2-D airfoil analysis program was configured for viscous flow at each
airfoil’s corresponding Reynolds numbers. Airfoil performance characteristics (i.e., stall
angle, maximum

Figure 3.1

, and L/D) where compared against experimental data.

Lift-polar comparison between airfoil analysis programs
for the FX 63-137 airfoil at a Reynolds number of 300,000.
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Figure 3.2

Drag-polar comparison between airfoil analysis programs
for the FX 63-137 at Reynolds number of 300,000.

All but one of the airfoil analysis programs had trouble accurately representing
the stall behavior for the low-Reynolds number airfoil. This is most likely because of low
Reynolds number effects. As demonstrated in Figure, the results varied widely for almost
all the airfoil programs especially at near-stall conditions, except for XFOIL. JavaFoil
tended to over-predict lift-coefficients throughout the range of angles of attack and had a
slightly lower stall angle. AeroFoil represented the lift-curve slope pretty accurately but
prematurely predicted stall by 5 degrees and produced a lower maximum lift-coefficient.
DesignFOIL performed the worst out of all of the programs. XFOIL accurately
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represented the lift-coefficient and stall behavior within 5% of experiment wind-tunnel
data for the FX 63-137 low-Reynolds number airfoil.
3.1.2

Candidate Airfoils
DAAP operating conditions required special consideration for selecting a sub-

critical (i.e., below Re = 500,000) airfoil capable of maintaining high aerodynamic
efficiency throughout a wide range of angles-of-attack. Performance characteristics of
over 21 different types of airfoils ranging from high-lift, low-pitching moment, and
laminar-flow, were compared to one another using XFOIL at a Reynolds number of
400,000. An airfoil selection criterion was then based on the number of angles of attack
that the airfoil could achieve an L/D greater than 70, 80, and 100. The maximum pitching
moment was compared as well as the stall rate was considered. Stall rate refers to the liftcurve shape at stall conditions. A mild stall rate is such that the airfoil has a gentle liftslope near stall condition. An aggressive stall rate is defined as an abrupt loss of lift once
stall has been initiated.
The comparative analysis resulted in three candidate sub-critical airfoils including
the Wortmann FX 63-137, Chuch Hollinger CH 10-48-13, and Selig S1223. The S1223
was unable to meet every criterion as it did not have any angles of attack with an L/D
greater than 100. The candidate airfoils were plotted against each other comparing L/D,
, and

. For benchmarking purposes, the NACA 4415 airfoil was plotted with the

three candidate airfoils to represent baseline performance.
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Figure 3.3

Lift-polar of candidate airfoils compared with the NACA baseline
as predicted by XFOIL

Figure 3.3 shows that the S1223 obtains a very high maximum lift coefficient;
however, when it has stalled, a loss of lift happens greater than the NACA 4415. The FX
63-137 demonstrates gentle stall characteristics while still achieving a high maximum lift
coefficient. Notice that for all three high-lift airfoils, the angle of attack at zero lift (
occurs at a very low (i.e., negative) angle of attack.

)
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Figure 3.4

Moment-polar of candidate airfoils compared with NACA baseline
as predicted by XFOIL

The moment-polar in Figure 3.4 shows that S1223 and CH10 have pitching
moments three times that of the NACA 4415. The S1223 again demonstrates rapid
changes in performance at the critical angle of attack. The CH10 and FX 63-137
demonstrate slow changes in pitching moment with angle of attack, which is disirable.

29

Figure 3.5

L/D of candidate airfoils compared with NACA baseline
as predicted by XFOIL

Figure 3.5 demonstrates that the maximum L/D for each airfoil is achieved at an
angle of attack around 5 degrees. The CH10 and FX 63-137 achieve a significantly
higher L/D when compared to the S1223 and NACA 4415. Surprisingly enough, the
S1223 performed sub-optimal even though it achieved the highest lift coefficient.
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Table 3.1

Performance of candidate airfoils compared to NACA baseline
( ⁄ )

Stall Rate

FX 63-137

+23.3%

+61.0%

+26.0%

Gentle

CH10

+35.0%

+87.2%

+30.1%

Gradual

S1223

+47.4%

+84.0%

+1.5%

Gradual

Note. Performance characteristics reported for candidate airfoils are percent differences
for each respective parameter when compared to the NACA 4415 baseline airfoil.

The comparative airfoil analysis produced several candidate sub-critical airfoils,
but the Wortmann FX 63-137 was selected as it achieved an L/D above 80 for a range of
11 angles of attack while have a high maximum lift coefficient with mild stall
characteristics. Aside from the results from the comparative airfoil analysis, the FX 63137 airfoil was also chosen because of the large amount of wind-tunnel data made
available by Selig [10].
3.1.3

FX 63-137 Sub-Critical Airfoil
Initially designed for human-powered flight by Franz Xaver Wortmann, the FX

63-137 is selected for this high-lift, low Reynolds number application. Unfortunately, this
highly-cambered airfoil (camber of 5.79%) generates a large pitching moment (
-0.202 at

of

of 1.0) and so will increase trim drag. The airfoil has reasonable structural

depth with a thickness of 13.7% at 29.7% chord that allows for a taller spar, which
reduces bending stresses and weight of the wing. It features a relatively thin trailing edge
that may lead to construction difficulties; however, in practice it can be thickened with
little effect on overall performance [15][11].
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Figure 3.6

Profile of Wortmann FX 63-137 sub-critical airfoil

The high-lift capability (

near 1.75 at

of 500,000) and mild-stall

characteristics seen in Figure 3.7a are among its key attributes. With increasing angles of
attack, the FX 63-137 features a “slow” trailing-edge stall near 16 degrees AOA resulting
in a gentle stall behavior with little unsteadiness. As seen in Figure 3.7b, the FX 63-137
has a large low-drag lift range (i.e., drag bucket) making it ideal for wide range of lift
coefficients required for DAAP flight operations.

(a)
Figure 3.7

(b)

Wind-tunnel data for FX 63-137 at various low Reynolds numbers [16]
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Figure 3.7a is the lift-polar and moment polar for the FX 63-137 at a Reynolds
number of 500,000 Increasing and decreasing angles of attack are denoted by solid
triangles and open circles, respectively. For the moment curve, increasing and decreasing
angles of attack are denoted by solid inverted-triangles and open squares, respectively.
Figure 3.7b is the drag-polar for various low Reynolds numbers, highlighting the wide
and smooth drag bucket except at a Reynolds number of 100,000 due to a large laminar
separation bubble [16].
As the laminar transition point of an airfoil progresses forward with angle of
attack, possibility of a bursting separation bubble affects the characteristics of stall. When
the angle of attack is decreased, the separation bubble does not behave in the same
manner as it did for increasing angles of attack. This complex stall behavior is known as
hysteresis and is shared by many airfoils in the high-lift group operating at low Reynolds
numbers. Wind-tunnel tests for the FX 63-137 shows that hysteresis effects begin to
diminish at a Reynolds number above 100,000 providing a well behaved gentle stall [17].
Remnant effects can be seen in Figure 3.7a as a small loss of lift at high alpha, creating a
small dip effect in the curve. The FX 63-137 features a convex upper-surface pressure
recovery distribution, preventing pre-stall hysteresis and its associated lift and drag
penalties [18]. Figure 3.8 below illustrates typical performance behavior of popular highlift airfoils as a function of key design parameters.
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Figure 3.8

Trends in low Reynolds number airfoil characteristics [17]

Trend lines of airfoil performance characteristics are shown in Figure 3.8. One
trend is that as an airfoil becomes highly cambered, the nose-down pitching moment is
increased and the upper-surface pressure recovery distribution becomes more convex.
Maximum lift can be increased through larger camber, as the case for the FX 63-137, or
designed so that the pressure recovery approaches a Stratford distribution [19]. Stratford
pressure distribution is such that the airfoil has zero skin friction in the pressure recovery
area [19]. The last trend in Figure 3.8 is that stall rate correlates with recovery type. A
low stall rate exhibits gentle stall behavior as the case with the FX 63-137.
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Figure 3.9

Lift-coefficient at maximum L/D for a variety of airfoils [17]

Figure 3.9 shows experimentally-determined lift-to-drag ratios at a Reynolds
number of 300,000 for a variety of airfoils. The FX 63-137 obtains its maximum L/D at a
high lift coefficient resulting in a high angle of attack.
3.2

Airframe Configuration Selection
Three candidate airframe configurations were considered during the conceptual

design phase. Each configuration provides its own unique advantages and disadvantages
for the DAAP application.
3.2.1

Conventional
A conventional configuration consists of the horizontal stabilizer located aft of the

main wing. In order to balance the moments generated by the main wing, the lift vector of
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the horizontal stabilizer must be pointed downward, contributing to negative lift.
Therefore, the main wing must produce more lift to compensate this effect.
Downwash created by the wing reduces the effective angle of attack seen at the
horizontal tail and pushes downward on the aft part of the fuselage (i.e., the empennage);
which contributes to the fuselage pitching moment [20]. The effective angle of attack
seen at the horizontal tail is defined by:

( 3.1)
Where:
= Angle between the fuselage centerline and the aircraft flight path
= Effective angle of attack seen at the horizontal tail
= Incidence angle of the horizontal tail
= Downwash angle generated by the wing

At two-chord lengths downstream, the downwash velocity, w, generated by the
wing has reached its maximum value of 2w [22]. The downwash velocity gradient,
depends on the wing’s aspect ratio, sweep, and taper ratio [20].

,
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Figure 3.10

Upwash and downwash effects about an airfoil [23]

If the horizontal tail is positioned at the tip of the vertical stabilizer, out of the
wake of the wing, is referred to as a T-tail. A T-tail experiences less downwash from the
main wing at low angles of attack; however, it is more prone to deep-stall. Deep stall
occurs at high angles of attack when the tail is blanketed by the wake of the main wing
with turbulent flow, effectively locking the aircraft into the stall condition.
Regardless of location, the horizontal tail must have a low aspect ratio so that it
does not stall before the wing; thus, reducing aerodynamic efficiency once again.
3.2.2

Canard
A canard configuration is such that the horizontal stabilizer is located in front of

the wing. A canard design offers the potential for reduced trim drag at the cost of
increased wetted wing area. This is because the canard is a lift-generating surface and
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generates a positive pitching moment about the center of gravity. As a result, elevator
deflection required to trim the aircraft is reduced. The additional wing area is the result of
the wing never reaching it maximum lift coefficient.
The canard planform itself operates at a higher aerodynamic efficiency than tailaft design for several reasons. First, the canard experiences clean, undisturbed freestream
air. Secondly, upwash generated from the main wing may contribute to an increase
effective angle of attack seen by the canard, depending on the parameters of the wing.
The upwash gradient,

, is dependent upon the forward distance relative to the wing

and the wing’s lift-generation capabilities. A wing that generates more lift will
subsequently create more upwash (and downwash). Higher aspect ratio wings generate
lift more efficiently and also contribute to more upwash effects as shown below in Figure
3.11.

Figure 3.11

Upwash gradient estimation [20]
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Even though the canard operates at higher aerodynamic efficiency as described
above, the over efficiency of the aircraft is reduced as the canard generates downwash
acting upon the wing. Downwash from the canard reduces the effective angle of attack of
the inboard section of the wing; consequently, the lift distribution is changed and the
center of lift is shifted outboard on the wing, resulting in greater bending stresses within
the wing [24].
A primary benefit for canard aircraft is that they can be designed to have inherent
stall prevention capabilities. Stall prevention can be accomplished by having the canard
stall before the main wing, resulting in a nose-down pitching moment. Thus, the main
wing will never reach its critical angle of attack. Reducing the stall angle of the canard
can be accomplished by: having a high aspect ratio canard planform (see section 3.3.2 for
further details), choosing a canard airfoil that stalls before the airfoil of the wing, or by
simply change the incidence angle of the canard.
Directional stability for a canard configuration is usually less than that of a
conventional design since the center of gravity lies somewhere between the canard and
main wing. As a result, the vertical stabilizer must be larger since the tail arm is smaller.
However, popular aircraft such as the Rutan Long-EZ feature winglets that contribute to
directional stability.
3.2.3

Tandem-Wing
A tandem-wing configuration is such that two large lift-generating planforms are

separated far apart from each. A tandem-wing may appear similar to a canard
configuration with an oversized canard planform, or even resemble a highly staggered
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biplane; however, this is not the case. The tandem-wing configuration is unique to itself
due to the complex mutual flow interferences occurring between the planforms.
For a biplane configuration without stagger and small gap between the upper and
lower wing, mutual flow interference between the wings account for up to 25% loss of
lift when compared to an equivalent monoplane [25]. This is caused by the low-pressure
region on the upper-surface of the lower wing affected by the high-pressure region on the
lower-surface of the upper wing, and vice versa. However, almost half of the inference
losses can be regained by introducing stagger into the wings as stated by Munk in his
General Biplane Theory [26].
In a biplane configuration, both lift vectors are in close proximity to each other
and the aircraft’s center of gravity, resulting in little difference in performance
characteristics between a biplane and monoplane. In a tandem-wing configuration, the lift
vectors are separated longitudinally far from the aircraft’s center of gravity. The total lift
generated by a tandem-wing configuration is simply the sum of lift produce by each
respective wing. It is assumed that the fuselage’s contribution to the aircraft’s total lift is
negligible.

( 3.2)
Tandem-wing configurations are outfitted with elevators on the fwd-wing,
eliminating the need for a dedicated horizontal stabilizer surface for pitch control. The
fwd-wing experiences undisturbed air allowing pitch authority to be more effective than a
conventional horizontal tail influenced by main-wing downwash flow. Overall surface
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area is small in the absence of a designated horizontal stabilizer, reducing both parasitic
and induced drag.
Traditional horizontal tails use symmetric airfoils that are less efficient at
generating lift. A tandem-wing, much like a canard, use more efficient cambered airfoils
on the wings. The total lift coefficient is increased as both wings contribute to lift.
Since the surface area of a tandem-wing is divided among the two planforms, the
chord lengths of those respective planforms are much smaller. Small chord lengths suffer
from increased parasitic drag due to Reynolds number effects (see section 2.3.3). Two
shorter in span wings have less inertia than an equivalent monoplane as the center of lift
for each half is closer inboard.
Tandem-wing configurations, not unlike canard aircraft, require more surface area
aft of the center of gravity for directional stability (see section 6.3.3). Tandem-wing
aircraft have more directional stability than an equivalent canard configuration because
the center of gravity is located semi-equidistant between the two wings, as a result of
both wings being relatively similar in weight. This constitutes to a larger tail arm than an
equivalent canard configuration. Aircraft such as the Scaled Composites Proteus have
vertical stabilizers located on extension booms downstream of the rear wing to increase
the tail arm, needed for adequate direction stability.
3.2.4

Selected Airframe Configuration
Based on the conceptual airframe configuration discussion above, a tandem-wing

configuration was chosen for its inherent stall prevention capabilities, reduced wing-root
bending moment, and increased lifting capacity.
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3.3

Wing Design
The wing design process consisted of a hierarchical approach; whereby, a single

parameter was analyzed at a given time. The parameter in question would be defined to
be used in the analysis for another parameter. Once the major parameters where chosen,
the design was checked with an analysis of static and dynamic stability performance.
In the early stages of the design process, the aircraft exhibited great aerodynamic
performance but suffered for poor stability performance. Both static and dynamic
stability analysis are crucial in the design process simply because an aircraft is useless if
it is unable to be controlled. Therefore, some of the design decisions are not only based
on aerodynamic performance but also static and dynamic stability performance. See
section 0 for parameter decisions based on stability analysis.
3.3.1

Wing Area
Operability of the DAAP flight concept is sensitive to the geometric scale of the

aircraft as a result of the tether diameter. As the geometric scale is increased, the tether
has less of an influence because its ultimate load is increased by a factor of four while
drag is only increased by a factor of two.
The baseline configuration, with wing loading of 0.82 lbf/ft2 and 538 ft2 of wing
area, represents a geometric scale factor of 1 resulting in an operability of over 99%. As
the geometric scale of the system decreases (i.e., area and mass decrease), the operability
decreases too.
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Figure 3.12 DAAP Operability vs. Geometric Scale [27]
Note. Results using National Weather Service atmospheric wind profiles for 2010
Jacksonville, FL (JAX) and 2011 Albuquerque, NM (ABQ).

Recent revisions to the DAAP algorithm have account for a larger payload and
heavier structure, resulting in the wing loading increasing from 0.82 lbf/ft2 to 1.23 lbf/ft2.
The initial wing design had a surface area of 538 ft2 in accordance baseline configuration
used in the theoretical analysis of the DAAP flight concept. During the iterative wing
design process, the total wing area had evolved to 667 ft2.
The tandem-wing aircraft Proteus featured a fore/aft area ratio of 0.59. A
comparable fore/aft area of 0.62 was chosen for the DAAP airframe design that yielded
the fwd-wing and aft-wing to have a surface area of 250 ft2 and 405 ft2, respectively.
It should be noted that the reference area used in the analysis of the tandem-wing
design presented herein is the area of the aft-wing and not the sum of both wing areas.
This makes aerodynamic coefficients appear larger in magnitude than coefficients for
conventional monoplanes.
3.3.2

Aspect Ratio
Aspect ratio affects the aircraft in many ways including in its performance,

efficiency, stability, and structural integrity. Modern high-endurance aircraft such as
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sailplanes are designed for minimum induced drag by using high aspect ratio wings. High
aspect ratio wings are aerodynamically more efficient because the downwash component
from wingtip vortices affects less of the total wing span [23]. Since high aspect ratio
planforms generate less induced drag, they suffer from an increase in parasitic drag (i.e.,
drag due to airfoil shape, frontal area, and surface friction) due to the effects of a reduced
local Reynolds number.
Aspect ratio has direct effects upon stall performance. The theoretical lift
coefficient for a two-dimensional airfoil occurs at an infinite aspect ratio; of course, this
is not the case for three-dimensional wings. As aspect ratio decreases, the lift-curve slope
reduces (i.e., becomes less steep) and the maximum lift coefficient is achieved at a higher
angle of attack as a result of downwash effects. Wingtip vortices and the bound vortex
make up the components of downwash. The tip vortices reduce the local angle of attack;
therefore, the wing must operate at a higher angle of attack in order to generate the same
amount of lift.
A comparison between high-performance sailplanes [28] was conducted in an
effort rationalize L/D effects due to aspect ratio. Figure 3.13 shows that aspect ratio in
conjunction with design refinements affect maximizing L/D. Since the late 1960s [29],
sailplane fuselages featured a “tadpole” design that sustained laminar flow over the
forward part and eliminated the risk of an early laminar-turbulent transition, reducing
skin friction drag [7].
Until the advent of CFD software, early sailplane designs suffered from poor
aerodynamic efficiency. Design refinements in newer models, such as the Discus and
Discus-2, increased L/D slightly but the maximum performance is hindered by its lower
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aspect ratio. Design refinements could be as simple as removing miscellaneous drag
components such as antennas, making the fuselage more streamlined, or adding winglets
to increase aerodynamic efficiency.

Figure 3.13

Maximum L/D for a variety of high-performance sailplanes

It is apparent in Figure 3.13 that as the aspect ratio is increased; there is a direct
effect on the maximum L/D the aircraft can achieve. Results from the sailplane
comparison in Figure 3.13 were correlated with a linear trend-line in order to develop an
equation that could relate desired L/D to a given aspect ratio. Aircraft with first flight
years before 1979 demonstrated significantly low L/D values and where ignored when
producing the trend-line.
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A comparative analysis between a range of high aspect ratios for a monoplane
wing was conducted using SURFACES.

Figure 3.14

Aspect ratio vs maximum L/D for a monoplane

Figure 3.14 confirms that the wing achieves a higher maximum L/D as the aspect
ratio is increased. Based on the sailplane comparisons and numerical simulation, an
aspect ratio of 24 was chosen for each respective wing as it provided an L/D greater than
40.
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3.3.3

Taper Ratio
Taper ratio affects both aerodynamic performance and structural integrity of the

wing. A reduction in taper ratio (tip-chord divided by root-chord) reduces the lifting
capability of the wing due to lowered Reynolds number. For unswept wings, reducing
taper ratio decreases lateral stability due to the spanwise center of lift moving inward,
decreasing roll damping throughout the lift-coefficient range [32].
Structural integrity increases as taper ratio decreases because the root-chord is
made larger which increases the structural depth to allow for a taller spar, which reduces
bending stresses and makes for a lighter structure.
Taper ratio effects upon L/D were conducted for each respective wing using
SURFACES. Research has shown that minimum induced drag of a monoplane with an
elliptical lift distribution occurs at a taper ratio of 0.30 [7]. The fwd-wing taper ratio
analysis shown in Figure 3.15 produced similar results; however, the maximum L/D
throughout the angle-of-attack regime occurred at an average taper ratio of 0.4. Slight
differences between values could be dependent on airfoil performance or flow
interferences from the aft-wing. This investigation identified that the fwd-wing taper ratio
needs to be 0.4 to maximize L/D of the aircraft.
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Figure 3.15 Fwd-wing taper ratio effects for various angles of attack
Note. Results obtained from SURFACES used the surface integration method to calculate
drag. This method highly over-predicts drag and is used for parameter investigation only.

During the aft-wing analysis, the tip chord was defined as the location where the
inboard and outboard sections meet. The span of the outboard-section of the aft-wing was
varied in an effort to keep the entire wing area constant throughout the comparative
analysis. The inboard aft-wing taper ratios were analyzed from 0.4 to 1 in order to
maintain sufficient structural depth at the root.
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Figure 3.16 Aft-wing taper ratio effects for various angles of attack
Note. Results obtained from SURFACES used the surface integration method to calculate
drag. This method highly over-predicts drag and is used for parameter investigation only.

Results from the aft-wing taper ratio analysis show that maximum L/D occurred
between 0.6 and 0.7. An aft-wing taper ratio of 0.6 was selected as it produced a high
L/D over a range of angles of attack, it will have a smaller root-chord bending moment,
and it provided sufficient structure depth for the outboard-sections and vertical tails.
3.3.4

Dihedral
Dihedral was primarily added the aft-wing to increase lateral stability of the

aircraft (see section 6.3.1). Slight dihedral was designed into the fwd-wing so that it
would intersect with the aft-wing when looking at the Y-Z plane as shown in Figure 3.17.
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The intersection allows for both wings to be connected, providing additional rigidity
against torsion generated by the pitching moment of the wings.

Figure 3.17
3.3.5

Final SURFACES VLM model – Front View

Incidence
The incidence angle is measured in the X-Z plane as the angle between the root-

chord of the wing and the fuselage centerline. The fwd-wing was designed with positive
2.5 degrees of incidence to provide inherent stall prevention characteristics and for pitch
stability purposes. Refer to section 6.1 for equilibrium effects due to incidence angle.
Stall prevention was accomplished by allowing the fwd-wing to stall before the
aft-wing, resulting in a nose-down pitching moment. The angle of attack is reduced, unstalling the fwd-wing and lift is restored.
The

DAAP

tandem-wing

aircraft

provides

inherent

stall

prevention

characteristics, as the fwd-wing was designed to stall prior to the aft-wing. Once the fwdwing has stalled, the aircraft nose will pitch down, reducing the angle of attack, unstalling the fwd-wing and lift restored.
Having the fwd-wing stall before the aft-wing is accomplished by making the
fwd-wing have a steeper lift-curve slope than the aft-wing. This is inherently done
because downwash effects on the aft-wing decrease its effective angle of attack relative
to the fwd-wing.
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3.4

Fuselage
The fwd-wing is positioned far forward and above the aft-wing requires the S-

shaped fuselage design so that the tether can attach to the bottom of the fuselage near the
aircraft’s center-of-gravity in order to mitigate adverse torque effects upon aircraft
stability and control.

20°
Figure 3.18

Side-view of Final SURFACES VLM model

According to Horner [33], flow over a cylindrical body begins to separate around
an angle of attack of 30 degrees and becomes unsteady resulting in a large increase in
drag. The S-curve was designed with a 20 degree angle with respect to the fuselage
centerline to prevent early flow separation and allow for a wide range of tether
orientations without interfering with the fuselage. Although the S-shaped fuselage is
unique in design, it employed on other tandem-wing aircraft such as the United-40
developed by Adcom Systems [34].
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Figure 3.19

Adcom Systems’ United-40 tandem-wing UAV [34]

A ballast node representing future components was positioned under the fwdwing to help get the aircraft’s center of gravity as low as possible. The exact dimensions
required for components such as batteries and avionics hardware have not been
determined in the body of this paper, the fuselage payload bay has been designed so it
can be easily resized if need be.
3.5

Vertical Stabilizers
By placing the vertical stabilizers outboard, the additional weight will provide a

bending moment relief on the wing-root of the aft-wing. The DAAP aircraft features an
innovative design that exploits wing-tip vortex effects to further improve aerodynamic
efficiency. Tip vortices produced by the fwd-wing created an upwash effect on the aftwing outboard section, increasing effective angle of attack. The vertical stabilizers are
located in the inwash component of the wing-tip flow and serve as end-plates, tending to
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suppress a tip vortex originating from the aft-wing outboard sections. Induced drag is
minimized with aforementioned design features.

53
4.0

Airframe Aerodynamic Analysis

4.1

Drag Results
The skin friction coefficient was calculated for all lifting-surfaces and both

vertical fins of the DAAP aircraft. Skin friction coefficient values employing the mixed
boundary layer analysis were compared to values determined by SURFACES.
SURFACES features a built-in method to compute the skin friction coefficient based on
the longitudinal curves of a surface (i.e., airfoil camber).
The FX 63-137 airfoil at zero degrees angle of attack with Reynolds number of
300,000 has a lower-surface transition point of 0.4167 and upper-surface transition point
of 0.5324 as predicted by AeroFoil.

Table 4.1

Skin Friction Coefficient of Lifting Surfaces

Component Section

Mixed BL

SURFACES

% Difference

F-W Inboard

0.006480

0.006234

3.9 %

F-W Outboard

0.006994

0.006820

2.5 %

A-W Inboard

0.005884

0.005790

1.6 %

A-W Outboard 1

0.006182

0.006151

0.5 %

A-W Outboard 2

0.006911

0.006809

1.5 %

Both Vertical Fins

0.003212

0.003372

4.9 %

Total

0.006469

0.006337

2.1 %
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The skin friction coefficient values using mixed boundary layer analysis are
comparable to those using the vortex-lattice software SURFACES. Mutual flow
interference effects are the likely cause for any differences between the two
methodologies.
4.1.1

Drag Model
The simplified quadratic drag model is only applicable for aircraft with a lift-

coefficient at a minimum drag of zero and present a noticeable drag bucket. Drag
inaccuracies occur at very low and very high lift coefficients due to flow separation. For
cambered airfoils, the simplified drag model is not an accurate representation of the drag
polar. A non-quadratic drag model is employed for aircraft with cambered airfoils that
take into account three-dimensional effects for a more accurate representation of the drag
polar. Even though the non-quadratic drag model is more accurate at all points of the drag
polar than the quadratic drag model, drag is over-estimated within the drag bucket due to
the fact that even high-order (16+ degree) polynomials cannot follow the sharp change in
curvature of the drag polar at that region.
The non-quadratic drag model provides a valid representation of the drag polar for
the DAAP aircraft as the DAAP aircraft features the highly-cambered Wortmann FX 63137 airfoil and features a very soft drag bucket as noted in Figure 3.7b that could not be
described with the simple quadratic model as defined by [7]:

(

)

(

)

( 4.1)
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4.2

Stall Speed
A stall is a loss of lift due to leading-edge flow separation when the airfoil’s

critical angle of attack is reached or exceeded. In terms of speed, a stall means there is
not enough forward speed for the wings to generate enough lift to counteract the aircraft’s
weight to remain aloft. Stall speed is defined as the minimum steady speed at which the
aircraft is controllable in the context of a mission task per FAR Part 23.45. Stall speed of
a specific aircraft might be defined by aerodynamic stall or when minimum
controllability is obtained. The aircraft must be designed with enough elevator authority
to maintain the desired stalling speed at the most adverse configuration. Stall speed is
affected by design parameters such as wing area, airfoil characteristics, and aircraft
weight as well as the flight conditions including density and ice buildup, to mention a
few. Stall speed is higher at higher altitudes as a result of the lower density present. A
heavier aircraft will cause the stall speed to increase as more lift is needed to be generated
to keep the aircraft aloft. Traditionally, wing-flaps are used to increase maximum lift
coefficient thereby decreasing stall speed; however, the DAAP aircraft feature no such
high-lift devices since the stall speed is acceptable for landing conditions. In addition,
high-lift devices increase drag and produce a nose-down pitching moment.
The maximum lift-coefficient of 2.452 (with Sref = Saw) was determined from the
adjusted lift-curve for that is when the fwd-wing has stalled at an angle of attack of 13.5
degrees. Stall speed is defined as:

√

( 4.2)
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For a gross weight of 820 lbf, the DAAP aircraft has a stall speed of 15.6 KEAS;
that is, 81.66 ft/s (24.89 m/s) at cruise altitude of 60,000 feet and 26.3 ft/s (8.02 m/s) at
standard sea level.
4.3

Performance Results
As shown in Figure 4.1, the fwd-wing stalls when the aircraft is at 13.5 degrees

angle-of-attack due to +2.5 degrees of incidence incorporated into the fwd-wing and the
upwash effects generated by the aft-wing neglected. Also seen in Figure 4.1, the aft-wing
stalls at a much high angle-of-attack, around 19 degrees, as the aft-wing has zero
incidence and downwash effects generated by the fwd-wing were taken into account.

Figure 4.1

Lift-curve for DAAP aircraft using accurate lift models
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Coefficients for both the fwd-wing and aft-wing use the theoretical surface area of
the aft-wing as the reference area during calculations. The ‘*’ in Figure 4.1 indicates that
the lift-coefficient was determined from 2D wind-tunnel data that had been transformed
into 3D using the DAAP parameters for each wing and accounting wingtip vortices and
downwash effects generated by the fwd-wing. Upwash effects generated by the aft-wing
were neglected since the fwd-wing was considered very far forward.

Figure 4.2

Aerodynamic efficiency between the SURFACES and adjusted model

Figure 4.2 shows aerodynamic efficiency for both the linear SURFACES model
and a created semi-linear adjusted model. The lift-coefficient for the adjusted model is
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based on real wind-tunnel data that has been converted into 3-D, accounting for
downwash effects at the aft-wing. The drag coefficient of the adjusted model is that of
SURFACES. The adjusted model provides a more accurate representation of
aerodynamic efficiency due to reduction of lift at near-stall conditions. It does not;
however, take into account the large increase in drag associated with near-stall
conditions.
Both models capture the lift-curve slope accurately. Maximum lift-to-drag occurs
at 4 degrees for both models with a 4% difference in maximum L/D. At high angles of
attack, L/D of the adjusted model degrades at a faster rate than the SURFACES model.
As the aircraft reaches its stall angle of 13.5 degrees, a 20.6% difference has occurred
between the lift-to-drag ratios. This was to be expected as SURFACES is a linear
potential flow solver incapable of determining effects of flow separation. The laminartransition location was defined for the minimum and maximum angle of attack for the FX
63-137. As shown in Figure 4.3, at the DAAP cruise condition with an angle of attack of
7 degrees, the fwd-wing will experience flow separation at 50% of the chordwise panels
and the aft-wing will experience flow separation at 30% of the chordwise panels.
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Figure 4.3

Panels with potential flow separation at

= 7°

The aircraft was trimmed at a range of airspeed in an effort to determine optimum
airspeed that results with the highest L/D as shown in Figure 4.4. The DAAP cruise
airspeed is 24.5 KEAS does not operate at the aircraft’s maximum L/D airspeed because
it based on the algorithm used to calculate airspeed and orientations for a given wind
shear. When the aircraft fly solo for tacking (see page 5), the aircraft will then fly at the
optimal airspeed minimize energy consumption from the propeller used during tacking.
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Figure 4.4
L/D results over a range of airspeeds
Note. Results obtained from SURFACES used the surface integration method to calculate
drag. This method highly over-predicts drag and is used for parameter investigation only.

Figure 4.5

Distribution of lift-coefficient for both wings at

= 7°
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Figure 4.6

Streamlines in X-Z plane at a span location of 32 feet at

= 7°
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5.0

Airframe Load Analysis
An aircraft can withstand a finite amount of g-loadings until it experiences

structural failure. The load factor, n, represents the capacity of the aircraft structure as a
multiple of standard acceleration due to gravity, or g’s. Positive load factors are
associated with wings pulled up and negative load factors with wings pulled down. A
load factor of one denotes steady level flight (i.e., L = W). Aircraft structures are
designed with a desired limit load, or maximum allowable load the aircraft can handle.
Higher limit loads allow the aircraft to handle more stress, withstand higher gust
velocities, and increase maneuver performance at the price of structural complexity and
additional weight. The load factor is dependent on lift, vehicle weight, and bank angle, ,
as defined by:

( 5.1)

5.1

Gust Loads
Per FAR Part 23.341, the gust load for a tandem-wing configuration must be

computed using a rational analysis, or may be computed in accordance with the
paragraph of this section, provided that the resulting net loads are shown to be
conservative with respect to the gust criteria of FAR 23.333(c). Per FAR 23.333, gust
velocities can be linearly interpolate from sea level up to 50,000 ft. No standardized gust
velocities beyond 50,000 feet have been found; therefore, gust velocities were linearly
extrapolated for 60,000 feet cruising altitude shown below in Table 5.1.
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Table 5.1

Gust Velocity at velocity condition at different altitudes

h (ft)

at

(ft/s)

at

(ft/s)

0

50

25

50,000

25

12.5

60,000

20

10

Note.

is the derived gust velocity for each specified design airspeed.

The gust load factor is determined by:

( )

( 5.2)

Where:
= Gust alleviation factor
= Derived gust velocity (ft/sec)
= Density of air (slugs/ft3)
= Aircraft equivalent airspeed (KEAS)
= Aircraft lift-curve slope (per radian)
W/S = Aircraft wing loading (lbf/ft2)

As an aircraft enters a gust, a change in lift occurs due to the additional vertical
velocity component of the gust. The gust velocity is tempered by a gust alleviation
factor,

, since the gust does not affect the aircraft immediately due to it mass and other

inertia effects.

( 5.3)
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( )

With:

( 5.4)

̅

Where:
= Aircraft mass ratio
= acceleration due to gravity (ft/sec2)
̅ = mean aerodynamic chord (ft)

The lift-curve slope used during analysis was that of the entire aircraft referencing
the surface area of all lift-generating surfaces (i.e., the fore and aft wings). The lift-curve
slope is defined by a change in lift divided by a change in angle of attack. SURFACES
was used to determine the resultant lift at two different angles of attack in order to
determine the lift-curve slope of the aircraft as defined by:

( 5.5)

With:

5.2

(

)

(5.6)

V-n Diagram
A V-n diagram demonstrates the performance capabilities of an aircraft that is

limited by either aerodynamics (i.e., stall), structural capacity, or propulsion in terms of
its minimum and maximum airspeed. As shown in Figure 5.1, flight operations must be
within the boundaries of the performance envelope. As the aircraft approaches the limits
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of the performance envelope due to stall, gusts, or other maneuvers, the flying qualities
will degrade because of the reduced dynamic pressure. As a result, flight controls are less
effective and a reduction in lift occurs.

Figure 5.1
V-n diagram for DAAP aircraft
Note. The above V-n diagram is for the gross weight configuration for the DAAP aircraft.

Airspeed is an important operation parameter as it affects lift generation, angle of
attack and drag. All flight operations are based on the airspeed at which the aircraft is
flying at. Knots Equivalent Airspeed (KEAS) is used when defining the characteristic
design airspeeds (i.e.,

) as it allows the V-n diagram to be used at
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any given altitude because KEAS is a function of the density at which the aircraft is
flying at, , and the density standard sea level,

.

√

( 5.7)

Flight operations are dependent on the design speed of the aircraft. Stall speed as
discussed earlier is the minimum speed at which the aircraft can fly in order to not lose
altitude. Full deflection of control surfaces should not be attempted at speed greater than
the design maneuvering speed, VA; as damage to the aircraft structure may result. Large
deflection should be done at speeds between the stall speed and maximum maneuvering
speed. This is such the case with the DAAP aircraft; whereby, the average operating
speed of 24.4 KEAS is above the stall speed of 15.6 KEAS and well below the maximum
maneuvering speed of 29.6 KEAS. The design cruise speed, VC, used for the flight
envelope was defined as 5% greater than the minimum maneuvering speed. That is a
small window for cruise speed but the aircraft will rarely, if ever, operate at those design
cruise speed as it will be operating within maneuvering speeds during DAAP cruise-andtack operations. Design dive speed, VD, is the maximum speed the aircraft can go before
structural failure occurs. Per FAR 23.335, design dive speed was defined by:

( 5.8)

The never exceed speed, VNE, of 43.4 KEAS was defined at 90% that of the
design dive speed to provide a buffer region before structure failure. A positive limit load
of 4.5 and negative limit load of -2.5 were defined to allow the aircraft to withstand 20
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ft/s gusts experienced at 60,000 feet. The designed DAAP limited loads are similar in
magnitude for category U sailplanes that must have limited loads of +5.3 and -2.65, per
Joint Airworthiness Requirements (JAR) 22.337. The aircraft will experience structural
damage at loads above the limit loads, and structural failure beyond the ultimate loads.
Positive and negative ultimate loads were defined using a factor of safety of 1.5 applied
to the corresponding limit load.
5.3

Load Distribution
For a tandem-wing configuration, the equivalent monoplane wing is split in span

keeping aspect ratio and surface area the same. The shorter span results in smaller
bending moments generated that need to be reacted by the root-section of each wing. The
tandem-wing design presented herein features joined wings that resist torsion effects
created by the airfoil pitching-moment. Both shortened span and connected wingtips
make for a lighter wing-spar structure.

Table 5.2

Comparison between planforms and resulting bending moment at wing-root
Monoplane

DAAP Fwd-wing

DAAP Aft-wing

DAAP Total

Span, b (ft)

125

80.0

100

-

Area, S (ft2)

658

254

404

658

559,182

54,773

158,022

212,795

Bending Moment,
(ft-lb)

Note. Where b is wing span, S is wing area, and
root chord.

is the bending moment at the wing
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From Table 5.2, it is shown that the total bending moment experienced for the
DAAP tandem-wing configuration is 2.63 times less than that of an equivalent
monoplane. A reduction in bending moment means that the structure can be made lighter.

Figure 5.2
5.4

Bending moment diagram for monoplane wing with elliptical lift distribution

Tip Deflection
Wingtip deflection results from the wing reacting aerodynamic loads. If the wing

structure is not stiff enough, the planform will deflect upward and the resultant force
vector will point inward, towards the center of the aircraft. As a result, less lift is
produced as lift is only the vertical component of the resultant force. To overcome the
loss of lift, the aircraft will have to operate at a higher angle of attack while at the same
time producing more drag.
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Each wing structure is to be designed to handle 20% tip deflections relative to its
half-span. It was assumed that each wing would deflect in a parabolic motion as
described by:

( 5.9)
Where:
= Spanwise location
= Parabolic constant
= Deflection distance in z-direction

( ⁄ )

With:

( 5.10)

Where:
⁄ = half span of planform
= maximum tip deflection

The wingtips for 20% deflection will be deflected 8 and 10 feet higher than their
normal position for the fwd-wing and aft-wing, respectively. When the tips are deflected
at 20%, there is a 3% loss in lift. The aircraft’s center of gravity is very sensitive to tip
deflection as the majority of the total weight is in the wings. When the tips are deflected
20%, the aircraft’s center of gravity is shifted 2 feet in the vertical direction. This will
cause severe stability and control issues as the attached tether will create an adverse
torque.
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Figure 5.3

ISO-view of SURFACES model with 20% tip deflections

Figure 5.4

Front-view of SURFACES model with 20% tip deflections
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Figure 5.5

Side-view of SURFACES models with 20% tip deflections
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6.0

Airframe Stability and Control Analysis
Stability and control is a fundamental result of flight dynamics for three-

dimensional rigid-bodies with six degree-of-freedom motion consisting of translations
and rotations about the center of gravity. Stability considers the aircraft’s response to
perturbations in steady flight conditions regarding longitudinal and lateral-directional
motions, while the control aspect considers aircraft response effects due to control inputs.
The aspect of stability is subdivided into static stability and dynamic stability.
Static stability is described as the initial tendency to return to the trimmed condition
while dynamic stability is the long-term tendency to return to the trimmed condition.
Stability and control analysis must be considered during the design process as it
determines the airworthiness of an aircraft.
SURFACES was used to conduct an eigenvalue analysis to identify longitudinal
and lateral-direction dynamic stability modes such as short period, long period (phugoid),
spiral, roll subsidence, and Dutch Roll.
Positive dynamic stability for oscillatory motion (short-period, phugoid, and
Dutch Roll) is described as a series of damped oscillations of constant frequency and
diminishing amplitude that bring the aircraft back to its trimmed condition after a
disturbance. Period is the time it takes for the aircraft to oscillate per cycle. Frequency is
inversely proportional to period. Amplitude is the difference between the crest or trough
and the original equilibrium condition. Positive dynamic stability for non-oscillatory
motion (roll-subsidence and spiral) is defined when the motion is convergence.
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6.1

Equilibrium
Conventional aircraft configurations use an aft-mounted horizontal stabilizer so

that the aircraft is in equilibrium during flight when the controls are in their neutral
position. It is the function of the horizontal stabilizer to produce a restoring moment of
same magnitude as the moment produced by the main wing. The nose-down pitching
moment of the fuselage and wing together with lift production, generate a moment about
the aircraft’s center-of-gravity; therefore, the horizontal stabilizer must produce are
downward force (i.e., negative lift) to balance the aircraft. In turn, additional lift must be
generated by the main wing in order to compensate for the loss of lift due to the
horizontal tail.
For a tandem-wing configuration, moments are balanced through the delicate
process of wing design and placement of center-of-gravity. The moment equation for
equilibrium shows that the fwd-wing pitching moment about the aircraft’s center of
gravity must be counteracted by the aft-wing’s pitching moment, including the
destabilizing fuselage contributions. The pitching moment equation below is based on the
summation of moments about the CG; nose up is positive.

(

)

(

)

(6.1)

It was determined that a fwd-wing incidence of 2.5 degrees provided sufficient
counter-moment while maintaining high L/D. By having the fwd-wing at incidence 2.5
degrees, elevator deflections are reduced.
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6.2

Static Longitudinal Stability
Longitudinal stability refers to the initial tendency of the aircraft to return to its

equilibrium state after being disturbed about the lateral axis by developing a restoring
pitching moment. Conventional aircraft obtain longitudinal stability from the pitching
moment contribution of the horizontal stabilizer and its ability to counteract the pitching
moment of the fuselage and wing when the aircraft is disturbed from equilibrium.
Longitudinal stability of a tandem-wing aircraft is dependent upon CG location, the
placement of the wings with respect to the CG, and the amount of lift each wing can
generate (lift-curve slope).
An aircraft is defined longitudinally stable when it can be trimmed at a positive
angle of attack and has the initial tendency to return to its equilibrium state after being
disturbed. A trimmed aircraft is one for which the forces and moments are balanced.
For static stability, it is required that the pitching moment coefficient at zero
degrees angle of attack (

) be positive so that sufficient lift is generated at the trim

condition. For static trimmability, it is required that the pitching moment curve (

)

have a negative slope so that aircraft can develop a restoring pitching moment about the
trim condition.

( 6.2)
The slope of the curve is dependent on the distance between the aircraft’s CG and
neutral point. The neutral point is defined as the moment center for which change in
aircraft angle of attack will result in no change in total moment that is

. The
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aircraft possess positive stability when the CG is forward of the neutral point while
negative stability occurs when the CG is aft of the neutral point.
An initial baseline configuration was analyzed in the DAAP algorithm prior to the
work presented in this paper. Results concluded that the upper aircraft had an average
angle of attack of 7 degrees, those conditions are defined as the DAAP cruise mode.
Traditional aircraft trim at a slightly positive angle of attack (i.e., ~1-2 degrees) for
passenger comfort reasons. Trim drag is the drag associated with trimming the aircraft.
When elevators, or trim tabs, are deflected at larger angles to trim the aircraft maintain
equilibrium, the aircraft will suffer from a large increase in trim drag. The DAAP
airframe was designed to trim at an angle of attack of 7 degrees to reduced trim drag. The
trim angle of attack of 7 degrees is the result of the fwd-wing incidence having an angle
of 2.5 degrees (see section 6.1).
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Figure 6.1

vs CM for DAAP cruise mode

The trim angle of attack is defined as the intersection between the pitchingmoment curve and the angle of attack axis. Figure 6.1 shows the trim angle of attack is at
7 degrees during the DAAP average cruise condition. At that angle of attack, the aircraft
is capable of producing 1844 lbf of lift force.
When an aircraft operates in solo mode (i.e., L = W), the trim angle of attack is 1.2 degrees and the aircraft is only capable of producing enough lift force to sustain its
own weight of 820 lbf. Trim drag will be larger for solo mode operations but the aircraft
will only be in that mode periodically for tacking maneuvers.
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Figure 6.2
6.2.1

vs CM for DAAP solo mode

Neutral Point
The neutral point was determined with SURFACES and compared to classical

analytical hand-calculations [35]. Shown in Table 6.1, the comparison between both
methods used to calculate the neutral point varied by about 5%. The neutral point has a
negative value because it is located between both wings while being referenced to the aftwing. The neutral point position as predicted by SURFACES is farther forward than the
hand-calculation method. The fwd-wing is located very far forward and experiences
clean, undisturbed air with negligible upwash effects generated by the aft-wing.
However, downwash effects generated by the fwd-wing acting upon the aft-wing were
considered.
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Table 6.1

Classical

SURFACES

% Difference

(per rad)

5.514

5.774

4.61%

(per rad)

4.736

4.760

0.51%

-180.79

-190.28

5.11%

NP (% ̅

6.3

and NP and Calculations vs. SURFACES Comparison

)

Static Lateral and Directional Stability
Lateral and directional stability analysis considers the coupled dynamics of both

yaw (i.e., directional) and roll (i.e., lateral) motions as a function of sideslip angle ( ). A
positive roll rate creates a positive sideslip requiring a negative restoring rolling moment
for stability. A positive yaw rate creates a negative sideslip causing a positive rolling
moment. This positive yaw rate requires a negative restoring yawing moment for
stability.
Lateral stability is such that the aircraft has the inherent ability to recover
from a disturbance about the longitudinal axis without input from aerodynamic control
surfaces. A disturbance about the longitudinal axis will incur a roll maneuver. During a
roll maneuver, a portion of the lift is point sideways, inducing a sideslip in the direction
of the roll. A sideslip occurs due to a relative wind that flows across the aircraft in the
direction from the lower wingtip to the higher wingtip. The aircraft is defined laterally
stable when a restoring moment is generated about the longitudinal axis and the aircraft
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recovers from the roll [36]. If the restoring roll moment is insufficient to restore level
flight, the aircraft will continue to sideslip.
Directional stability is such that the aircraft has the inherent ability to realign the
longitudinal axis with the flight path (i.e., generate zero sideslip) after a disturbance
causes a yawing moment about the vertical axis and induces a sideslip.
Lateral-directional stability is affected by four main design parameters (i.e.,
dihedral angle, sweepback, keel effect, and weight distribution) that contribute to the
effective dihedral of the aircraft.
6.3.1

Geometric Dihedral
When positive geometric dihedral (i.e., wing tips higher than wing root) is

introduced, the sideslip induced cross-flow wind has a component normal to the lower
wing, generating an upwash effect. The upwash increases the effective angle of attack
seen by the lower wing and thus increases its lift. Also, a downwash effect occurs on the
higher wing and lift is reduced. As a result, a restoring moment is generated.

Figure 6.3

Roll maneuver with the effects of relative wind [37]

80
The DAAP aircraft features a large dihedral of 5 degrees on the aft-wing to
increase it lateral stability as well as be in-line with the wingtips of the fwd-wing so that
they may be connected for structural reasons as mentioned in section 3.3.4.
6.3.2

Sweepback
Sweepback is the angle at which the wings are slanted rearward from the root to

the tip. Sweepback is primarily on high-speed aircraft as it delays the formation of sonic
shock waves which are produced at high speeds and cause a large increase in drag.
However, sweepback also improves lateral stability similar to that of geometric dihedral,
but not as pronounced. When a roll-induced sideslip occurs, the leading-edge of the lower
wing is more perpendicular to the relative flow. As a result, more lift in produced by the
lower wing and a restoring rolling moment is created.
Large sweepback was not designed into either of the wings since the flight speed
was low (M < 0.3) and sweepback decreases aerodynamic efficiency significantly and
only contributes a small amount to lateral stability. The leading edge angle of each wing
was defined so the wing planforms have a straight spar with a zero sweep angle at the
maximum structural depth location (i.e., 30% chord). This would maximize the structural
integrity of the main spar as it could remain perpendicular to the fuselage centerline and
minimize stress at the wing-root attachment location.
6.3.3

Keel Effect
The keel effect is the result of sideforce-generating surfaces being able to generate

a restoring moment about the longitudinal axis through the aircraft’s center of gravity.
During a roll maneuver, pressure acting on surfaces such as the fuselage and vertical fin
will generate a side-force in the opposing direction creating a moment about the center of
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gravity. A restoring roll moment will occur when the magnitude of sideforce above CG
centerline is greater than the magnitude of sideforce below the CG centerline [38]. A
vertical tail contributes to positive roll stability because its aerodynamic center is above
the CG centerline. As shown in Figure 6.4, a restoring moment is generated about the
longitudinal axis because there is more surface area above the center of gravity than there
is below it.

Figure 6.4
6.3.4

Keel effect for lateral stability [38]

Weathercock Effect
The weathercock effect contributes to directional stability when sideforce-

generating surfaces are able to generate a restoring moment about the vertical axis
through the aircraft’s center of gravity. The side area of the aircraft aft of the center of
gravity must be greater than the side area of the aircraft forward of the center of gravity
in order to create a restoring yawing moment.
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Figure 6.5

Weathercock effect for directional stability [38]

6.4

Static Control

6.4.1

Longitudinal Control
The elevator is the aerodynamic control surface responsible for pitching the

aircraft, thereby changing the angle of attack. The elevators of the DAAP aircraft are
located spanwise along the fwd-wing. Deflecting the elevators does not affect the slope of
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the pitching moment curve, but shifts the curve up (

) or down (

) to change

the aircraft’s trim point. The elevator is designed for sufficient control at a wide range of
flight speeds and angles of attack. It must be capable of trimming the aircraft at near-stall
speeds and at its maximum speed. The elevator effectiveness is a function of the
longitudinal stability.
6.4.1.1 Static Margin
Static margin is a method to describe the amount of longitudinal stability an
aircraft possess. Static margin is the distance between the CG and NP with units of
percentage to the reference chord. A very stable (i.e., large SM) aircraft will require large
elevator deflections to obtain trim while a slightly stable (i.e., small SM) aircraft will
require a small elevator deflection to obtain trim. When the CG is at the NP, the SM is
zero and is said that the aircraft is neutrally stable. Below is the SM equation showing the
general range of static margin for positive longitudinal static stability [39]:

( 6.3)

To identify static margin effects on the controllability of the aircraft, a
comparison between various static margin values and resulting elevator deflection angles
( ) required to trim the aircraft needed for the DAAP aircraft.
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Figure 6.6
Static Margin vs. elevator deflection angles
Note. At DAAP average cruise airspeed of 128 ft/s

As shown in Figure 6.6, static margin has an exponential effect on required
elevator deflection as angle of attack is increased. The DAAP flight concept requires the
aircraft have the capacity to maintain trim at a wide range of angles of attack. A static
margin of 10% was chosen because it provided reasonable positive stability while
keeping the deflection angles within reason. With a static margin of 10%, the aircraft is
trimmed at an angle of attack of 2.7 degrees requiring zero elevator deflection (

).

Stall, which occurs at 13.5 degrees angle of attack, requires an elevator deflection of 2.2
degrees, elevator deflected downward. A negative deflection, elevator deflected upward,
of same magnitude results in an angle of attack of -11 degrees giving the aircraft 5
degrees of angle of attack to produce negative lift needed to descend or for maneuvers.
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6.4.2

Lateral Control
Ailerons are aerodynamic control surfaces responsible for rolling the aircraft to

perform a bank maneuver. The left aileron must be deflection downward which increases
lift on the left side and the right aileron is deflection upwards, thus reducing lift on the
right side.
In a typical canard design, the ailerons are located on the main wing which may
be subjected to turbulence generated by the canard, leading to deep-stall conditions. The
DAAP aircraft features outboard ailerons located on the aft-wing, out of the wake of the
fwd-wing. Tip vortices generated by the fwd-wing create an upwash effect seen on half
of the aileron span, increasing its control effectiveness.
This is not unlike an OHS configuration where the horizontal stabilizer is split
into two separate surfaces and placed downstream of the wing on extension tailbooms
connected to the wingtip. Research has shown that an OHS configuration offers 20% less
drag and 15% less planform area when compared to a conventional aft-tail configuration
[30]. Twin tailbooms also provide bending moment relief as the weight of the booms and
stabilizers will be reacted at the wingtips, allowing for a lighter wing structure. However,
the moment generated by the horizontal tail loads that are reacted by the wing tip can
cause the wing tip to twist and induce washout which will degrade lift.
6.4.3

Directional Control
The rudder is responsible for directional control to provide a yawing moment

about the vertical axis. The rudder is primarily used to counter adverse yaw or
asymmetric blade effects (also known as P-factor). The rudder must be sized to provide
control in gust situations and crosswind landings and to control adverse yaw associated
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with coordinated turns. Unfortunately, the current DAAP design features an under-sized
rudder that is only capable of withstanding a sideslip of 2 degrees during landing
conditions.
6.4.4

Gust Load Alleviation
If there is sufficient control surface authority, gust load alleviation (GLA) devices

can sense up-coming gust and relies control input to control surfaces. When the aircraft is
disturbed by gust that initiates a roll, the GLA rapidly deflects the ailerons symmetrically
to reduce wing-tip camber. As a result, less lift is produced on the outboard wing-section
where the ailerons are located, moving the spanwise center of pressure inboard. This
reduces the shear force and root bending moment of the wing, reducing fatigue damage to
the wing [40].
6.5

Dynamic Longitudinal Modes

6.5.1

Short Period Oscillation
Short period oscillation (also known as short-period mode) is the longitudinal

mode that describes the rapid pitching of an aircraft about it center of gravity excited by a
variation in angle of attack as a result of a disturbance. The short period mode is usually
highly damped (only lasts a few seconds), with negligible changes in altitude or airspeed
by the time the mode subsides [31].
The short period frequency is related to the static margin of an aircraft during
level-flight motion. A small short-period damping ratio makes the aircraft respond
quickly to control inputs or disturbances, resulting in oscillations that take longer to
disappear. A large short-period damping ratio makes the aircraft slow to respond to
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disturbances or feel sluggish in control authority. As shown in Figure 6.7, the DAAP
aircraft features an over-damped system that is not oscillatory.

Figure 6.7
6.5.2

DAAP short Period mode at average cruise condition (convergent)

Long Period Oscillation
Long period oscillation (also known as phugoid mode) is the longitudinal mode

described as slow oscillations in the aircraft’s flight path; where by, a repeated exchange
between kinetic energy (velocity) and potential energy (altitude) occurs as the aircraft
inherently attempts to regain level-flight after it has encountered a disturbance. The
phugoid mode is usually lightly-damped, low-frequency, and at nearly constant angle of
attack even though velocity and altitude are changing.
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The phugoid-mode period is nearly independent of aircraft parameters, except for
decelage, and inversely proportional to flight velocity while the damping ratio is
inversely proportional to the lift-to-drag ratio. Thus, the phugoid mode is lightly-damped
for aerodynamically efficient aircraft; such is the case for the DAAP aircraft. Reducing
the L/D ratio to increase phugoid damping is not advisable for the DAAP aircraft.

Figure 6.8

DAAP phugoid mode at average cruise condition (convergent)

As shown in Figure 6.8, the phugoid mode is lightly-damped and takes some time
to diminish entirely. Since the DAAP UAV will have an onboard flight control system,
active control damper logic can be incorporated into the design to artificially dampen the
phugoid motion. The phugoid may rarely be experienced since the period is long as the
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flight-computer should have sufficient time to intervene and make the necessary
corrections.
6.6

Dynamic Latter-Directional Modes

6.6.1

Roll Subsidence
Roll subsidence (also known as roll mode) is a non-oscillatory lateral mode that

corresponds to the damping of a rolling motion due to a disturbance. The roll mode is
usually heavily damped and relates to an almost pure roll, with only a very small amount
of sideslip [41]. High aspect ratio wings have large roll damping low roll rates due to a
large moment of inertia. If needed, the roll mode can also be improved by increasing
effective dihedral (see lateral-directional stability section).

Figure 6.9

DAAP roll subsidence mode at average cruise condition (convergent)
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6.6.2

Spiral
The spiral mode is a non-oscillatory lateral-directional mode whereby roll and

sideslip steadily increase after a disturbance. During the disturbance, the aircraft will
experience a small roll angle which induces a small sideslip angle that usually causes an
adverse yawing moment. If the aircraft exhibits insufficient lateral stability or yaw
damping, the spiral mode is defined unstable; as the yawing moment will increase the
sideslip angle, which increases the coupled roll angle. If left unchecked, the aircraft will
diverge from the flight path in a roll and yaw while losing altitude. The spiral mode is
stabilized when the aircraft has sufficient roll stability (effective dihedral) and yaw
damping (large vertical tail moment arm).

Figure 6.10

DAAP spiral mode at average cruise condition (divergent)
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As shown in Figure 6.10, the spiral is divergence. However, it is somewhat lightly
damped and the onboard flight computer should have ample time to correct its heading so
the aircraft does not every enter in a spiral. The analysis performed in Figure 6.10 was
assumed to be a single aircraft with tether effects neglected; however, this is not the case
with the DAAP configuration. A tether aircraft system will exhibit a convergence spiral
mode because each aircraft generates a force in the opposite direction, preventing the
opposite aircraft from drifting off-course.
6.6.3

Dutch-roll
Dutch-roll is the oscillatory lateral-directional mode as the result of a roll-yaw

coupling moment. Dutch-roll is the result of a yawing motion that increases the relative
airspeed a small amount. The increased airspeed generates additional lift on the
advancing wing planform that causes the aircraft to roll. The roll induces a yaw and the
cycle is repeated. The roll motion lags behind the yaw motion by a quarter cycle. The
Dutch-roll mode can be artificially stabilized with active control laws such as yawdampers [42].
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Figure 6.11
6.7

DAAP Dutch-roll mode at average cruise condition (convergent)

Handling Qualities
An eigenvalue analysis was performed using SURFACES for the DAAP average

cruise condition to determine the level of handling qualities for the DAAP aircraft per
MIL-F-8785C [43]. Level 1 handling qualities are defined as an aircraft having flying
qualities clearly adequate for the mission flight phase. Per MIL-F-8785C, the DAAP
aircraft is best represented as a Class I aircraft as it is a lightweight aircraft. The flight
phase category for the DAAP average cruise condition is best represented as Category C,
per MIL-F-8785C; that is, flight operations are accomplished using gradual maneuvers
and usually requires accurate flight-path control.
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Table 6.2

Handling quality analysis

Mode

Level 1 Req.

Short Period

-0.043815
±0.018176i

0.47

0.92

0.44

0.28

Phugoid

-0.00024582
±0.0026071i

0.0026

0.094

0.00025

50

Dutch roll

-0.035056
±0.207555i

0.54

0.17

0.09

7.7

Where: are the eigenvalues from the characteristic equation,
is the natural frequency
for oscillatory motion in radians/second, is the damping ratio for oscillatory motion,
and T2 is the damping time to half amplitude in seconds.

Results from the eigenvalue analysis presented in Table 6.2 show that the aircraft
achieves level 1 handling qualities per MIL-F-8785C for the short period and phugoid
modes, but fails to meet all of the level 1 requirements for the Dutch roll mode. All
dynamic modes are stable except for the spiral mode; however, the spiral mode is lightlyunstable. It should not be an issue since the onboard flight control system will have
sufficient time to respond and make the necessary corrections to prevent the aircraft from
entering a spiral.
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7.0

Concluding Remarks and Recommendations

7.1

Concluding Remarks
A high-altitude, long-endurance unmanned airframe was designed for the

innovative Dual-Aircraft Atmospheric Platform flight concept that exploits stratospheric
wind velocity gradients to remain aloft indefinitely. A specialized airframe was designed
for unique cruise operations and demanding flight conditions associated with the DAAP
concept. Numerical simulation software was used to investigate key design parameters in
an effort to maximize aerodynamic efficiency as well as characterize both static and
dynamic stability attributes.
The design presented is aerodynamically efficient to provide a baseline airframe
configuration that can be expanded for future works. The finalized prototype airframe
achieved an operability of 99% using the DAAP algorithm.

Figure 7.1

Artist render of DAAP flight concept
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7.2

Recommendations
In the current DAAP aircraft configuration, the fwd-wing stalls at 13.5 degrees

while the aft-wing stalls around 19 degrees, limiting the potential lift capabilities of the
aft-wing. It is recommended that the aft-wing airfoil be replaced with an airfoil that has a
stall angle closer to the stall angle of the fwd-wing in order to utilize all of the potential
lift capabilities. Alternatively, the aft-wing stall angle can be decreased by increasing the
aspect ratio of the aft-wing.
A wind-tunnel model should not be created because it would not produce relevant
data as it would be difficult to simulate the Reynolds number experienced by the DAAP.
For smaller wind tunnels, the flow would have to be at a velocity of 586 ft/s given the
geometric scale constraints of the wind tunnel model. A larger wind tunnel would allow
for a large aircraft model to be used resulting in slower flow velocities but large wind
tunnels have very high costs associated with operations. However, a sub-scale radiocontrolled model could be constructed to provide insight into the aircraft’s stability and
handling qualities. High-fidelity CFD analysis should be conducted on the entire aircraft
to better determine the aerodynamic efficiency that takes into account flow separation
effects. CFD will allow for design refinements such as reducing interference drag at both
wing-fuselage intersections.
The magnitude of maximum L/D for the DAAP aircraft is comparable to highperformance sailplanes for an aspect ratio of 24. If the aircraft needs higher L/D values in
the future; theoretically, the aspect ratio could be increased using the trendline equation
found in Figure 3.13 to provide the corresponding L/D.
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The outboard sections of the aft-wing need to be further investigated to determine
if they are in a stall at the DAAP average cruise condition of 7 degrees since the outboard
sections experience an increased effective angle of attack from upwash generated by the
fwd-wing wingtip vortices.
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Appendix A

Figure A1.

Three-view drawing of the DAAP aircraft
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Appendix B

Figure B2.

FX 63-137 pressure distribution [10]
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Appendix C

Table C1.

Atmospheric values at standard sea level

Quantity

UK Units

SI Units

0.002377 slugs/ft3

1.225 kg/m3

Pressure,

2,116 lb/ft2

101,325 Pa

Temperature,

518.69 °R

288.15 K

3.737x10-7 slug/(s*ft)

1.7894x10-5 Pa*s

1,116 ft/s

340.3 m/s

Mass density,

Dynamic viscosity,
Speed of sound,

Table C2.

Atmospheric values at DAAP cruise condition

Quantity

UK Units

SI Units

Altitude,

60,000 ft

18,288 m

Mass density,

0.0002237

0.1153 kg/m3

Pressure,

149.8 lb/ft2

7,172 Pa

Temperature,

389.97 °R

216.65 K

2.97x10-7 slug/(s*ft)

1.4216x10-5 Pa*s

968.2 ft/s

295.1 m/s

Dynamic viscosity,
Speed of sound,
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Appendix D

Table D1.

Reference Conditions

Description

Variable
405.7 ft2

Reference planform area
Reference aspect ratio

24.09

Reference span

100 ft

Reference mean aerodynamic chord

̅

4.58 ft

Longitudinal location of theoretical aft-wing apex relative to
reference plane

22 ft

Vertical location of theoretical aft-wing apex relative to
reference plane

-2.2 ft

Longitudinal location of CG relative to reference plane

13.26

Vertical location of CG relative to reference plane

-0.2 ft

Note. Reference plane is located at the fwd-wing theoretical leading-edge apex
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Appendix E
Table E1.

Steady State Coefficients

Description

Variable

Per degree

Per radian

Basic lift coefficient

1.155086

1.155086

Lift curve slope

0.14909

8.542234

Basic drag coefficient

See section 2.3.1

Drag coefficient slope

-3.19E-04

-1.83E-02

Note. Quantities with ‘*’ indicates the value is dimensionless

Table E2

AOA Derivatives

Description

Per degree

Per radian

FX variation with AOA

1.49E-02

0.856169

FY variation with AOA

-9.13E-06

-5.23E-04

FZ variation with AOA

-0.15056

-8.62653

Rolling Moment wrt AOA

-4.85E-09

-2.78E-07

Pitching Moment wrt AOA

-1.50E-02

-0.85895

Yawing Moment wrt AOA

-1.35E-06

-7.76E-05

Center of Gravity location as %

-242.91%

-242.91%

Neutral point location as %

-232.85%

-232.85%

10%

10%

Longitudinal static margin

Variable

SM
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Table E3.

AOY Derivatives

Description

Per degree

Per radian

FX variation with AOY

4.32E-07

2.48E-05

Side force derivative

-6.23E-03

-0.35695

FZ variation with AOY

4.17E-07

2.39E-05

Dihedral Effect

-1.75E-03

-0.1

Pitching Moment wrt AOY

1.05E-06

6.01E-05

Directional Stability

3.69E-04

2.11E-02

Per degree

Per radian

FX variation with speed*

0

0

FY variation with speed*

-1.90E-07

-1.90E-07

FZ variation with speed*

-3.05E-05

-3.05E-05

Rolling moment with U (MX)*

-2.90E-06

-2.90E-06

Pitching moment with U (MY)*

-2.95E-06

-2.95E-06

Yawing moment with U (MZ)*

2.79E-08

2.79E-08

Table E4.

Variable

U Derivatives

Description

Variable

Note. Quantities with ‘*’ indicates the value is dimensionless
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Table E5.

P Derivatives (Roll)

Description

Variable

Per degree

Per radian

Lift variation with P

7.63E-06

4.37E-04

Drag variation with P

-5.72E-06

-3.28E-04

FX variation with P

-5.72E-06

-3.28E-04

Side force due to roll

-3.13E-03

-0.1796

FZ variation with P

7.63E-06

4.37E-04

Damping-in-Roll derivative

-1.49E-02

-0.85493

Pitching moment variation with P

4.26E-06

2.44E-04

Cross derivative due to roll

-1.41E-03

-8.08E-02
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Table E6.

Q Derivatives (Pitch)

Description

Variable

Per degree

Per radian

Lift variation with Q

0.309916

17.75688

Drag variation with Q

-4.54E-02

-2.60288

FX variation with Q

3.97E-02

2.274533

FY variation with Q

9.89E-05

5.67E-03

FZ variation with Q

-0.31058

-17.7951

Rolling moment with Q

2.38E-05

1.37E-03

Pitching moment with Q

-1.93401

-110.811

Yawing moment with Q

3.31E-06

1.90E-04
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Table E7.

R Derivatives (Yaw)

Description

Variable

Per degree

Per radian

Lift variation with R

0

0

Drag variation with R

-1.34E-05

-7.65E-04

FX variation with R

-1.43E-05

-8.20E-04

FY variation with R

2.20E-03

0.125826

FZ variation with R

0

0

Cross derivative due to yaw

4.36E-03

0.24989

Pitching moment with R

-4.90E-06

-2.81E-04

Damping-in-Yaw derivative

-4.74E-04

-2.72E-02
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Table E8.

Aileron Deflection Derivatives (Roll)

Description

Variable

Per degree

Per radian

Lift variation with roll

2.60E-02

1.491345

Drag variation with roll

-1.42E-03

-8.14E-02

FX variation in roll

-9.44E-04

-5.41E-02

FY variation in roll

6.66E-02

3.815049

FZ variation in roll

2.61E-02

1.49259

MX variation in roll

3.84E-03

0.220185

MY variation in roll

5.28E-02

3.026922

MZ variation in roll

-7.27E-03

-0.41642
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Table E9.

Elevator Deflection Derivatives (Pitch)

Description

Variable

Per degree

Per radian

Lift variation with pitch

-2.83E-02

-1.62246

Drag variation with pitch

-2.45E-03

-0.14047

FX variation in pitch

2.97E-03

0.170259

FY variation in pitch

2.62E-06

1.50E-04

FZ variation in pitch

2.83E-02

1.619602

MX variation in pitch

-7.08E-09

-4.06E-07

MY variation in pitch

-0.10426

-5.97362

MZ variation in pitch

3.91E-07

2.24E-05
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Table E10.

Rudder Deflection Derivatives (Yaw)

Description

Variable

Per degree

Per radian

Lift variation with yaw

-1.10E-04

-6.28E-03

Drag variation with yaw

1.21E-04

6.94E-03

FX variation in yaw

-1.19E-04

-0.00682

FY variation in yaw

2.04E-03

0.116797

FZ variation in yaw

1.12E-04

6.41E-03

MX variation in yaw

3.95E-05

2.26E-03

MY variation in yaw

2.95E-04

1.69E-02

MZ variation in yaw

-2.61E-04

-0.01498

